This study aims to realize a Large-Eddy Simulation (LES) of a low-Mach, high Reynolds number jet. The nozzle geometry is included. The lips and the mixing layer are meshed in order to get the right potential core and turbulence levels. It is a first step towards the simulation of a configuration of jet noise control using micro-jets realized by Laurendeau et al .
I. Introduction
Jet noise is a central topic in aeronautics and has been studied both theoretically and experimentally for half a century.
2 With the increase of computational power, it has also been a widely studied problem in Computational Aeroacoustics (CAA) for the last decade. 3 On the one hand, some Direct Numerical Simulations have been carried out for low Reynolds number subsonic jets. 4 On the other hand, simulations of moderate and high Reynolds number subsonic jets have been performed using Large-Eddy Simulation (LES). [5] [6] [7] In the major part of these works, the nozzle geometry is partially or even totally ignored. However, it is now known that it is important to account for the nozzle geometry for acoustic prediction. In this case, the inflow condition is specified at the entry of the nozzle. This avoids forcing inlet conditions which could have an important influence on the jet flow and enables to take into account the flow in the pipe. It has been shown that perturbation injection is also more efficient at the entry of the nozzle. Indeed, it allows to obtain better turbulence levels at the exit of the nozzle and to reduce spurious acoustic wave generation. 8 Nevertheless, the nozzle geometries considered in the literature still remain very simple. Generally, there is a great scale difference between the jet diameter and the jet mixing layer thickness, and also between the jet diameter and the nozzle lips width. This often raises a serious resolution issue. As a consequence, to spare computational time, the boundary and mixing layers are often poorly resolved near the nozzle exit. Mixing layers are generally thicker than expected and too rapidly destabilized. The computed potential core is thus generally smaller than seen in the experiments or predicted by empirical laws. This problem is often circumvented to predict the acoustic far-field. As soon as velocity profiles are shifted in the axial direction to obtain the right potential core length, the results become very satisfactory. Nevertheless, this issue is far more critical when dealing with configurations of jet noise control, which is greatly linked to the flow features at the exit of the nozzle. Indeed, shifting the axial coordinates is no longer allowed, as the interactions between the control devices and the true jet are of interest. This work is in line with the problematic of jet noise control. It is a step towards the realization of a numerical simulation of a fluidic control device with a LES methodology. Experimental measurements have been realized at the Laboratoire d'Etudes Aerodynamiques (LEA) of Poitiers, by Laurendeau et al. 1 The configuration consists of a subsonic jet of diameter D controlled by 8 pairs of convergent micro-jets of diameter d = D/50. The lips of the nozzle have a thickness of e = D/100. The measured thickness of the mixing layer is around δ ω = 0.032D. Their results have been compared to those obtained without any control device.
9 Their study has highlighted regions where the global noise reduction is monitored by the interactions between the micro-jets and the mixing layer near the nozzle region and their effect on the turbulence scales. The objective is to reproduce this trend numerically by LES. Although the difference between the above-mentioned dimensions is important, they must be taken into account in order to well capture the different interactions in the near-nozzle region. Thus, the full nozzle geometry, including walls and lips, have to be included in the computational domain and meshed. This is made possible by using the fully multi-block structured Finite-Volume (FV) parallel flow solver elsA 10 developped at ONERA and CERFACS. It is noteworthy that simulating a low Mach jet number is difficult since it requires more computations time. Moreover very small acoustic variations generate a significant part of the noise spectra. Few numerical noise studies have been published on such low Mach number, high Reynolds number jet (see Bodony and Lele 11 for a review). This study presents results obtained on this configuration without micro-jets. The present paper is organized as follows: the section II presents the numerical procedure and the grid used to perform LES computations and acoustic prediction, then section III presents results of mean flow and acoustic far field.
II. Configuration and numerical procedure
The simulations focus on the jet configuration studied by Laurendeau et al. 1 The main jet is subsonic (M j = 0.3), unheated (T j = T ∞ ) but has a relatively high Reynolds number (Re j = 3.21 10 5 ). The micro-jets for the fluidic control are not considered. The results of the calculations are compared both with experimental measurements 1, 9 in terms of mean flow fields, potential core length and acoustic levels.
A. Governing equations
The 3D compressible Navier-Stokes equations written in conservative form:
where
is the vector of conservative variables with ρ the density, u, v, w the velocity components and e the total energy.
Computations presented in this paper are performed using a cell-centered FV approach on multi-block structured (indexed by (i, j, k)) meshes. A high-order FV scheme is used to discretize the convection terms.
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This scheme is based on curvilinear compact interpolation in the physical plane. It is shown to be equivalent to the sixth-order compact scheme of Lele on cartesian grids. For diffusive fluxes, a traditional second-order method implemented in elsA 10 has been used. Indeed, since the convective time scales are much smaller than the diffusive time scales in the considered configuration, this second-order method could be sufficient. High-order compact filters 13 enable to damp badly resolved grid-to-grid oscillations and enhance numerical stability. They are also used to take into account the sub-grid scale dissipation, as in the work of Bogey and Bailly 7, 8 or Uzun et al .
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The time marching is realized with an optimized six-steps Runge-Kutta method.
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The inflow is defined using a sponge zone which imposes the inflow conservative field. This sponge zone is coupled to the radiative condition of Tam and Dong in order to prevent acoustic reflections. Turbulence is generated using perturbations injection at the inflow. These perturbations consist of 32 azimuthal modes of vortex ring velocity fluctuations with randomly generated phase and amplitude. 16 The maximal amplitude is set to 10 −4 U j . The inflow is applied 4D upstream from the nozzle exit in order to suppress spurious sound waves it may generate.
The outflow is handled using a non-reflective Navier-Stokes characteristic boundary condition. 17 The lateral borders of the jet are computed using a radiative Tam and Dong outflow condition. Sponge layers are applied on all borders.
All walls are defined as adiabatic walls, except from the nozzle lips. In fact, the nozzle lips are considered as slip walls since the axial discretization of the jet is not sufficient to apply an adiabatic wall condition.
C. Meshing
The domain is discretized with about 22 millions of points. Meshes are structured and composed with several blocks. The full domain is meshed using a H-mesh inside, surrounded by parts of O-meshes to avoid the axis-singularity (see Fig. 1 ). In the radial direction, from the center to the nozzle lips, the points are in a first time equally spaced with a step of ∆r 0 = 0.001D and then stretched to reach a spatial step of ∆r cis = δ ω /20 such a way that there are 20 points in the predicted boundary layer thickness at the nozzle exit. With that refinement, it is possible to put 8 points on the lips of the nozzle. From the nozzle lips to the end of the physical zone of interest at about 6D from the nozzle exit, the step size is progressively increased to reach ∆r phys = 0.04D. Finally, from r = 6D to r = 10D, the step size is progressively increased to reach ∆r sponge = 0.2D at the end of the sponge layer zone. It is noteworthy that following the x-position, an expansion is applied such that longitudinal mesh lines diverge to follow the jet overture. In the axial direction, the points are stretched in the nozzle such a way that the axis step size goes from ∆x phys = 0.04D to ∆x 0 = ∆r 0 = 0.001D. From the end of the nozzle to about 8D downstream (this zone contains the predicted potential core), the points are stretched in order to reach a spatial step of ∆x phys = ∆r phys = 0.04D. Then this step is kept constant until the end of the physical zone of interest at 12D downstream the nozzle exit. Then, the step size grows to reach ∆x sponge = ∆r sponge = 0.2D at the end of the sponge layer zone at about 25D downstream the nozzle exit. The sponge layer zone extends from x = 25D to x = 30D downstream the nozzle exit. In the azimuthal direction, 185 points are equally distributed so there is at least one point every two degrees.
D. Acoustic far-field prediction
The acoustic far-field prediction is done using a Ffowcs-Williams and Hawkings 18 method using the code KIM of ONERA. Instantaneous fields are stored over three surfaces presented in Fig. 2 . These three surfaces are positionned radially at about R = 1.5D, 2.5D and 3.5D around the jet in order to enclose all the nonlinear zone of the jet and thus, to make it possible to use only a surface FWH formulation with penetrable surfaces of Farassat. 19 The surfaces are opened upstream and downstream and extend from 1D upstream to 25D downstream. 90 Microphones are placed as in the experimental studies at different position angles distant of 40D from the jet center. 
III. Results
The computations were initialized by imposing the inflow profile up from the nozzle entry down to the end of the computational domain. The jet simulation runs with a time step of 7 × 10 −4 D/c which corresponds to a CFL of 1.0 for 7 × 10 5 iterations equivalent to 147 convection times (D/U j ). The simulation runs on 32 Intel Nehalem processors for about 2 months (about 50 000 hours). This is clearly not enough to reach a proper convergence considering previous studies on jet simulation. Indeed, Bogey and Bailly 7 runs simulations for about 800D/U j , Uzun et al 14 for 310D/U j , Shur et al 6 recommended to run for at least 400D/U j . Therefore, the following results might be judged with that consideration. However, to minimize the effects of this non-convergence, results have been averaged in the azimuthal direction to obtain profiles in a semi-plane (x, r). The surface used for acoustic prediction are extracted during a time of 70D/c = 21D/U with a time step of 1.4 × 10 −2 D/c = 4.2 × 10 −3 D/U . Nevertheless, the valid period for acoustic prediction for all microphones is about 10D/U . This allows to reach a minimum Strouhal of 0.2. The mesh resolution in the interest zone allows to reach a maximum Strouhal of 10. Considering the isocontours of instantaneous vorticity magnitude (Fig 3(a) ), the jet is destabilized at about 0.2D from the nozzle exit. This is in agreement with the experimental observations of Laurendeau et al and the weak level of turbulence at the nozzle exit. 20 The dilatation field contours (Fig 3(b) ) show that the most important acoustic radiation is in the downstream direction of the jet. The nozzle entry does not seem to generate spurious acoustic wave. After these general observations, the following parts bring more quantitative results. Flow   Fig 4(a) shows the evolution of the centerline velocity and of its inverse along the axis. The maximal axial velocity is decreasing along the axis. The potential lenght core obtained is 4.8 as predicted by theory and experiments. This is a very good result since very few studies among previous have allowed to obtain the right potential core. Therefore, the choice to finely mesh the mixing layer and the lips is relevant to get the right potential core. The decay rate of the centerline velocity is in good agreement with experimental data of Ricaud.
A. Mean
9 The jet is not completely developed when considering the jet half-width evolution after x = 12D. However the mean flow near the nozzle is in good agreement with the data experiments when comparing radial profiles of the axial velocity for x = 0.1D, 0.2D, 1D, 2D (Fig. 5) . In the simulation, the radial profiles of the axial velocity fulfill similarity starting from x/D = 2 and the adimensional similarity profiles are in good agreement with experimental data (Fig 6) . The thickness of the mixing layer is about 0.04D at the nozzle exit rather than 0.032D. Therefore the thickness of the mixing layer is overestimated of about 25%. The thickening of the mixing layer is also visible (Fig. 7) at an expension rate of about 0.2. This expansion is greater than the one given by the experiments (0.166). This could mean that the mesh stretching used is too important. B. Turbulence intensities Fig. 8 shows the evolution of the axial and radial components of the rms velocity scaled by the centerline velocity along the x-axis at r = 0.5D. In experimental measurements, turbulence intensity grows to reach, at x = 3D, a value of about 16% for the axial component ( Fig. 8(a) ) and 14% for the radial component ( Fig. 8(b) ). Then these turbulence levels stay almost constant. Computations lead to a quite different behaviour. The axial rms velocity ( Fig. 8(a) ) peak (25%) is found between x = 1D and x = 2D. The fluctuations decrease rapidly to reach at about x = 3D levels comparable to those of the experiments. At this point, the turbulence levels keep decreasing but very slowly. A quite similar description could be done for the radial rms velocity (Fig. 8(b) ). The decrease of the turbulence levels when going away from the nozzle exit could be explained by two possible reasons. It could be created by a recirculation bubble zone at the nozzle lips and this has to be investigated. Otherwise, it could be due to a sudden mesh stretching along the line r = 0.5D. Indeed, it is worth noting that the line r = 0.5D does not follow a longitudinal mesh line since those longitudinal mesh lines diverge to follow the thickening of the mixing layer. In fact, the zone between 1D and 2D corresponds to the passage from the refined mesh zone of the mixing layer to a zone coarser in the center of the jet. The behaviour in the zone between 0 and 1D is just an artefact of the interpolation procedure. Fig. 9 shows radial profiles of the axial rms velocity at x = 0.5D ( Fig. 9(a) ) and x = 1D ( Fig. 9(b) ). The peak positions are in good agreement with experimental data of Laurendeau et al 1 and of Ricaud. 9 However, the peak level is slightly higher than expected at x = D (Fig. 9(b) ) and the peak width is enlarged. Fig 10 shows the radial similarity profiles of the rms-velocity at different positions of x. Starting at x = 3D, the profiles are auto-similar and the differences are certainly due to the lack of convergence. C. Acoustic field Fig. 11 shows the predicted SPL levels at 30 ( Fig. 11(a) ) and 90 ( Fig. 11(a) ) angles. The trends of the different spectrum are in quite good agreement with experimental data for middle frequencies. Indeed, it is clear that simulations does not run for sufficient time to get proper values at low Strouhal number. Discrepancies at high frequencies must be related to the lack of turbulence in the jet as it is not fully developed from x = 12D to the end of the domain. Therefore, OASPL directivities levels presented on Fig. 12 are computed only on a range of Strouhal from 0.707 to 1.414. The difference from experimental data in terms of OASPL directivities levels is not more than 3dB. However, important improvements could be realized. 
IV. Conclusion
The present work aims to simulate a 0.3-Mach number, 3.21 × 10 5 Reynolds-number jet configuration as a first step towards the simulation of noise control using micro-jets. This configuration present a number of challenges. First of all, a low Mach number imposes to simulate a long time to reach convergence, in this case at least three times more than for a 0.9-Mach jet. Secondly, a fine discretization of the mixing layer of a high-Reynolds number strongly constraints the time step. It is clear that these challenges are pretty antagonistic. This first simulation tried to handle both. Aerodynamic and acoustic results of the simulation have been compared to experiments realized by Laurendeau et al . 1 Since simulations have not been running for a sufficient period of time, the jet is not fully developed. Therefore, these results just represent trends. Those trends show that refining the mesh to well describe the mixing layer zone allow to obtain the right potential core length. However new strategies must be found to obtain better turbulent levels and spare computational time. Meshing is a first aspect of investigation since the stretching and the domain length seem to influence, in this case, the jet development. The second aspect to investigate is the computations initialization. It could be helpful to perform a RANS simulation to get an initial solution which allows to have a smaller transient period. This method is generally not necessary for high subsonic jets but could be useful for low Mach jets. Works on these two points are on going and would allow to provide more interesting results on numerical simulation of low Mach jets.
